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Abstract 
The geologic carbon dioxide (CO2) storage resource size is a function of the density of CO2 in the subsurface. The pressure and 
temperature of the storage reservoir at depth affect the CO2 density. Therefore, knowing these subsurface conditions allows for 
improved resource estimates of potential geologic CO2 storage capacity. In 2012, the U.S. Geological Survey (USGS) completed 
an assessment of geologic CO2 storage resources for large sedimentary basins in onshore and State waters areas of the U.S. 
Evaluating the subsurface conditions and CO2 density in these basins was integral to the assessment. To better understand these 
conditions, investigations of pressure and temperature gradients, typically derived from borehole data and analog studies, were 
assembled at the basin scale. Based on the USGS assessment results and findings here, changes in subsurface pressure and 
temperature may yield density changes up to 40 percent, which may translate into significant changes in storage resource 
estimates. 
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1. Introduction 
In 2012 the U.S. Geological Survey (USGS) completed an assessment of large sedimentary basins in onshore and 
State waters areas the U.S. for their potential geologic carbon dioxide (CO2) storage resource [1,2,3]. The USGS 
assessment methodology prescribed that a “probabilistic distribution of the density of CO2 is calculated based on the 
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upper and lower depth boundaries of the SAU [storage assessment unit], temperature and pressure gradients 
appropriate for the area, and an equation of state for CO2” [4]. The density distribution was needed to compute the 
known recovery production volumes converted to reservoir conditions and to convert all calculated storage volumes 
to masses of CO2 that can be stored within those volumes (total storage resource, TASR). The TASR included the 
buoyant trapping storage resource and the residual trapping storage resource. When converted to masses, the 
assessment results were more easily compared to other published estimates of CO2 storage in units of billion metric 
tons, such as those summarized in the North American Carbon Sequestration Atlas [5]. This paper is a more detailed 
explanation of the density distributions presented in the update to the USGS methodology [6]. 
Through the equation of state for CO2, both pressure and temperature are shown to affect its density, and all three 
properties typically increase with depth. Specifically, CO2 density increases quickly with increasing depth when 
starting from its gaseous phase and increases more slowly after becoming supercritical at about 3,000 ft (feet or 
about 900 meters[m]), with storage security (decreased leakage risk) also increasing with increasing density [7,8,9]. 
Furthermore, at depths greater than about 5,000 ft (about 1,500 m), the density and specific volume of CO2 remain 
almost constant [10]. Specifically, in cool sedimentary basins with low temperature gradients, the CO2 density is 
increased at shallow depths between about 2,300 to 3,200 ft (about 700 to 1,000 m) and thus the storage resource is 
increased, whereas in warm basins with high temperature gradients, the CO2 density is decreased at deeper depths 
between about 3,200 to 4,900 ft (about 1,000 to 1,500 m) [8]. In contrast to the USGS methodology [4], the U.S. 
Department of Energy methodology [11] applies the “standard density of CO2 evaluated at standard pressure and 
temperature” for storage resource estimates in oil and gas reservoirs. Whereas, for storage in saline groundwater 
formations, the assessment approaches are similar, and the CO2 density is evaluated at the pressure and temperature 
representative of the conditions in the target geologic storage formation. Ultimately, besides capacity and storage 
security, the depth of the storage formation may also affect site selection because drilling and compression costs 
increase for deeper formations [10]. 
 
2. Approach 
As required by the USGS assessment, CO2 densities were derived from basin-scale pressure and temperature 
gradients. Pressure gradients exist due to multiple mechanisms. In the pore spaces of sedimentary rocks, the pressure 
commonly increases along the hydrostatic gradient, which is the pressure generated by a column of water equal in 
height to the depth of the pore space, in this case within the SAU. This relation holds because the pore space is 
mostly filled with water and may be connected along a complex path to the surface [12]. However, when the pore 
space is isolated, its pressure may be greater than the predicted hydrostatic gradient pressure and result in 
overpressure of the SAU. Primary mechanisms that induce overpressure include disequilibrium compaction and 
volume expansion from gas generation [13]. Fluids may also be squeezed out of a reservoir into the surrounding 
pore space and consequently support the partial weight of overlying rock [12]. The opposite condition, 
underpressure, may also exist, either naturally or as a result of fluid withdrawal. Primary mechanisms that induce 
underpressure include groundwater discharge, fluid removal during oil and gas production from a reservoir, rock 
dilation during erosional unroofing, and gas migration during uplift [12,14]. Nevertheless, naturally underpressured 
reservoirs have not been widely recognized, and are mainly restricted to interior basins that have undergone uplift 
and temperature reduction [13]. 
The geothermal gradient expresses the average subsurface temperature change, which typically increases in 
sedimentary basins by about 30 degrees Celsius per kilometer (°C/km) below the ground surface or seabed [12]. 
However, considerable variations in geothermal conditions exist within and between basins. The geothermal 
gradient is the result of heat flow from the Earth’s interior to its surface and can vary based on basin structure and 
lithology, for example. However, the large-scale resolution of the recent assessment [3] required basin-scale 
averaged gradients that do not necessarily account for local variations in pressure and temperature from the mean 
trend. Therefore, for the purposes of basin-scale density estimates (fig. 1), local regions of overpressure, 
underpressure, heating, or cooling were ignored. 
Before estimating basin-scale gradients, the available data were examined. For several of the assessed basins or 
study areas, cross plots of pressure and temperature data were generated for coincident depths and plotted against 
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warm, critical, and cool trend lines for world basins [8] (fig. 2A to 5A). Where possible, reservoir average pressures 
and temperatures from the proprietary Nehring Associates, Inc. Significant Oil and Gas Fields of the U.S. database 
[15] were used as inputs to the equation of state calculations. In basins lacking Nehring [15] information, data from 
the proprietary IHS Energy Group [16] database were used instead. The IHS dataset contains well-temperature data 
but lacks pressure data for many wells, so a standard hydrostatic gradient (0.433 pounds per square inch per foot 
(psi/ft)) was assumed when pressure data were unavailable. The distribution of points on the warm or cool basin side 
of the cross plots was checked against maps from the geothermal gradient of North America project [17,18]. The 
results were further checked against analog studies in the literature. 
Subsurface supercritical CO2 density for the assessed basins or study areas (fig. 1) was calculated using the 
equation of state for CO2 [19,20]. Before they were applied to converting the assessment results, USGS-computed 
densities were compared to published trends of CO2 density with depth [7,8,21] and to CO2 density maps, such as 
those for the Appalachian Basin Oriskany Formation [22]. Probabilistic distributions of CO2 density, with minimum, 
most likely, and maximum values, were chosen along the spread of data based on the minimum, most likely, and 
maximum depths determined by the assessment geologist for each SAU in a basin. The equation for computing the 
total storage resource (TASR) with the estimated CO2 density term is given with all the terms explained in the update 
to the USGS methodology [6]. 
 
 
Fig. 1. Map of the contiguous U.S. and Alaska showing evaluated areas (pattern) and 36 assessed areas (colored) by the U.S. Geological Survey 
for geologic carbon dioxide (CO2) storage in 2012 [2,3]. The assessed areas may contain multiple storage assessment units (SAUs). Resources in 
federally owned offshore areas were not assessed, and Hawaii was considered unlikely to have significant storage resources. Assessed areas are 
colored lighter showing lower average densities and darker showing higher average densities for the SAUs at depth. kg/m3, kilograms per cubic 
meter. 
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3. Results 
A map of the USGS-assessed basins or study areas shows the variability of the CO2 density estimates at storage 
depths (fig. 1). In this figure, the CO2 density estimates for the SAUs were averaged across the given basin or study 
area. To support these interpretations of results from the commercial databases, multiple analog studies were 
referenced during the assessment. Consequently, several basins with pressure and temperature anomalies or 
interesting gradients are identified and discussed. In the San Juan Basin, for example, the CO2 density is low (fig. 1). 
For this basin the underpressure is documented though its persistence is poorly understood, even after large 
quantities of natural gas have been produced from Cretaceous reservoirs [23]. In the nearby Denver Basin, another 
low CO2 density (fig. 1) area, a study found anomalous low fluid potential and associated underpressure in 
Mesozoic and Paleozoic rocks [24]. The results indicated that these low pressures may be explained by steady-state 
regional ground-water flow, by low permeability shale as an important baffle in the flow system, and by the 
distribution of hydraulic conductivity as controlled by depth [24]. In the Kansas basins study area (fig. 1), thousands 
of Arbuckle Group wells exhibit a wide range of pressures, and many exhibit pressures less than half the regional 
hydrostatic pressure [25]. Carr and others [26] explain that hydrologic continuity with areas of freshwater recharge 
may contribute to the apparent underpressure in the Arbuckle Group. The basins in these study areas have low CO2 
density estimates (fig. 1). 
Other basins have variable gradients and have increased CO2 density. In the Anadarko Basin, for example, areas 
of underpressure exist on the north flank of the basin, specifically in the Hugoton Embayment of southwestern 
Kansas [27]. In general in the southern Midcontinent, pressure data from oil and gas drilling indicate that naturally 
underpressured reservoir compartments are common in the Oklahoma and Texas Panhandle area [28]. The 
interpretations of data in the U.S. Gulf Coast study area (fig. 1) and estimates of intermediate CO2 density were 
supported by an analog gradient model of the regional pressure system by Burke and others [29]. Overpressure of 
some reservoirs in the Gulf of Mexico Basin is mainly generated by the inability of pore fluids to escape at a rate 
faster than sediment input [30]. These undercompacted areas in the Gulf of Mexico Basin have been related to high 
temperature gradients caused by both excess pressure and low thermal conductivity of the pore fluids when 
compared to the rock conductivity [30]. 
In the Michigan Basin with its high CO2 density (fig. 1 and 4), a large area of overpressure within the St. Peter 
Sandstone and the Glenwood Formation was mapped when computed brine heads were compared to surface 
elevations [31]. Hydraulic heads in these formations were highest in the regional discharge area, which is contrary to 
a steady-state, topographically driven flow system [31]. Furthermore, a computed average geothermal gradient of 
19°C/km resulted in subsurface temperature estimates that were too high in regional groundwater recharge areas and 
too low in regional groundwater discharge areas [32]. According to Speece and others [33], thermal models of the 
basin sediments, crust, and upper mantle beneath the basin indicated that a suspected rift causes a variation in 
basement heat flow, which is sufficient to produce observed temperature residuals in the sediments and negative 
residuals over the rift area. In the Appalachian Basin, also with high CO2 density (fig. 1 and 5), a large area in 
eastern West Virginia was found to have elevated heat flow and upper crustal temperatures when compared to the 
larger eastern United States area, and this was recognized after interpreting bottom-hole temperature (BHT) data 
from oil and gas drilling [34]. Furthermore according to Cercone and others [35], geothermal gradients computed 
from thermal conductivity and heat flow data for the Conemaugh Group suggest insulation effects and are in good 
agreement with gradients estimated from coal thermal maturities. An additional study from Skeen and Carr [36] for 
the Oriskany Sandstone was used as another Appalachian Basin analog. 
Along with the analogs discussed above, following are examples of plotted pressure and temperature gradients, 
along with examples of subsurface CO2 density predictions from four basins or study areas. The Ventura (fig. 2), 
and the Uinta and Piceance (fig. 3) Basins are examples of warm basins with Nehring [15] pressure and temperature 
data; the Michigan Basin (fig. 4) is an example of a cool basin; and the Appalachian Basin (fig. 5) is an example of a 
cool basin with IHS [16] data. The temperature versus depth plots are shown in fig. 2B to 5B and the pressure versus 
depth plots are shown in fig. 2C to 5C. The supercritical CO2 density calculated for each temperature and pressure 
data pair using the CO2 equation of state [19] is shown in fig. 2D to 5D for each of the four example basins. A 
moving average curve, with an interval adjusted based upon the data density, was included with each set of results. 
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Ultimately, plots of supercritical CO2 density with depth were generated for each of the basins or study areas in the 
USGS assessment. 
For the warm Uinta and Piceance Basins example, consider a SAU with minimum, most likely, and maximum 
depths of 3,000 ft, 7,000 ft, and 13,000 ft, respectively. The corresponding minimum, most likely, and maximum 
CO2 densities estimated from figure 3D would be about 500 kilograms per cubic meter (kg/m3), 600 kg/m3, and 700 
kg/m3, respectively. For the cool Appalachian Basin example, consider a SAU with minimum, most likely, and 
maximum depths of 3,000 ft, 7,000 ft, and 9,500 ft, respectively. The corresponding minimum, most likely, and 
maximum CO2 densities estimated from figure 5D would be about 760 kg/m3, 770 kg/m3, and 780 kg/m3, 
respectively. Similar plots are generated for each basin, and density inputs are chosen for each SAU. For basins 
where no data or gradients are published, the assessment geologist relies on analogs. A summary table containing 
density estimates (minimum, most likely, and maximum) along with other assessment inputs for each SAU is 
provided by the U.S. Geological Survey Geologic Carbon Dioxide Storage Resources Assessment Team [2]. 
Ultimately, based on the USGS estimates and the analog studies, CO2 density estimates show up to a 40 percent 
variation across the assessed basins. 
 
 
Fig. 2. Plots of subsurface data [15] and results for the Ventura Basin. (A) Pressure versus temperature. The pressure and temperature limits 
(1,070 pounds per square inch (psi) and 88 °F (degrees Fahrenheit)) above which carbon dioxide (CO2) is supercritical are shown with dotted 
gray lines. Geothermal gradients for warm (red), critical (green), and cool (blue) world basins [8] are shown. (B) Temperature versus depth. A 
geothermal gradient line is shown for a temperature gradient of 1 °F per 70 feet (ft) of depth and a surface temperature of 64 °F. (C) Pressure 
versus depth. A hydrostatic gradient line is shown for a pressure gradient of 0.433 psi/ft. (D) CO2 density versus depth using pressure and 
temperature inputs from figures 2A and 2B. The black curve is a moving average. kg/m3, kilograms per cubic meter. 
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Fig. 3. Plots of subsurface data [15] and results for the Uinta and Piceance Basins. (A) Pressure versus temperature. The pressure and temperature 
limits (1,070 pounds per square inch (psi) and 88 °F (degrees Fahrenheit)) above which carbon dioxide (CO2) is supercritical are shown with 
dotted gray lines. Geothermal gradients for warm (red), critical (green), and cool (blue) world basins [8] are shown. (B) Temperature versus 
depth. A geothermal gradient line is shown for a temperature gradient of 1 °F per 70 feet (ft) of depth and a surface temperature of 64 °F. (C) 
Pressure versus depth. A hydrostatic gradient line is shown for a pressure gradient of 0.433 psi/ft. (D) CO2 density versus depth using pressure 
and temperature inputs from figures 3A and 3B. The black curve is a moving average. kg/m3, kilograms per cubic meter. 
 
Fig. 4. Plots of subsurface data [15] and results for the Michigan Basin. (A) Pressure versus temperature. The pressure and temperature limits 
(1,070 pounds per square inch (psi) and 88 °F (degrees Fahrenheit)) above which carbon dioxide (CO2) is supercritical are shown with dotted 
gray lines. Geothermal gradients for warm (red), critical (green), and cool (blue) world basins [8] are shown. (B) Temperature versus depth. A 
geothermal gradient line is shown for a temperature gradient of 1 °F per 70 feet (ft) of depth and a surface temperature of 64 °F. (C) Pressure 
versus depth. A hydrostatic gradient line is shown for a pressure gradient of 0.433 psi/ft. (D) CO2 density versus depth using pressure and 
temperature inputs from figures 4A and 4B. The black curve is a moving average. kg/m3, kilograms per cubic meter. 
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Fig. 5. Plots of subsurface data [16] and results for the Appalachian Basin. (A) Pressure versus temperature. The pressure and temperature limits 
(1,070 pounds per square inch (psi) and 88 °F (degrees Fahrenheit)) above which carbon dioxide (CO2) is supercritical are shown with dotted 
gray lines. Geothermal gradients for warm (red), critical (green), and cool (blue) world basins [8] are shown. (B) Temperature versus depth. A 
geothermal gradient line is shown for a temperature gradient of 1 °F per 70 feet (ft) of depth and a surface temperature of 64 °F. (C) Pressure 
versus depth. A hydrostatic gradient line is shown for a pressure gradient of 0.433 psi/ft. (D) CO2 density versus depth using pressure and 
temperature inputs from figures 5A and 5B. The black curve is a moving average. kg/m3, kilograms per cubic meter. 
 
4. Discussion 
Availability of subsurface pressure and temperature data, and analog studies may be variable within and across 
the assessed basins. Commercial database completeness depends on state reporting requirements, and on the cost of 
gathering and publishing pressure (for example, mud weight and transducer) and BHT data. This study mostly 
captured data current as of 2008 [15] and 2009 [16], though additional data may have undergone quality control and 
been published since then. Some basins have a large amount of coincident pressure and temperature data, whereas 
others do not. Where coincident data was not available, published gradients were used along with analog studies. 
The available analog studies, which sometimes used the same commercial database entries, typically confirmed the 
regional density estimates. In some cases, the average CO2 density for the footprint of all SAUs in a basin or study 
area may not represent the general basin temperature and pressure gradients. Exceptions might be due to a large 
number of deep SAUs in a basin or other depth bias in SAUs due to the limited available storage formations. Also, 
the location of the storage formations used for each SAU in the basin, or even the available temperature and pressure 
data, may not be representative of the whole basin. Ultimately, the examples and figures in this paper show the 
variability of pressure and temperature gradients across basins, and within a basin or study area. Future studies will 
run sensitivity analyses to evaluate the effect of density on CO2 storage estimates, when compared to changes in 
SAU net thickness, porosity, storage efficiency, and other factors. In addition, it may be possible to demonstrate that 
the depth of supercritical CO2 may be other than 3,000 ft in some basins. 
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5. Conclusions 
The following points highlight the key conclusions of this paper: 
• Because storage resource is a function of CO2 density, which is a function of pressure and temperature in 
the subsurface, accurate estimates of these properties are required for a rigorous storage resource assessment. 
• A review of subsurface pressure and temperature data along with analog studies available in the literature 
was important for characterizing multiple basins included in the recent USGS geologic CO2 storage assessment. 
• The variability in pressure and temperature values and gradients was quantified and illustrated within and 
across the assessed basins using several examples.  Basins or study areas may be overpressured or underpressured, 
or warm or cool for multiple reasons as explained by the literature review. 
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Instructions to Authors for Word template 
1. Locking of Copyright: 
The copyright line is locked in the Procedia templates. The author may not edit the same and making it editable 
only PSMs. If there are any copyright changes required, you are requested to contact Journal Manager through 
Guest Editors. For editable the below mentioned steps must be followed: 
 
Steps: 
¾ Click on copyright statement 
¾ Click on Properties in Developer tab 
¾ Remove the checks from Content control cannot be deleted and Contents cannot be edited under 
Locking and then Press ok 
2. Docm format: 
We have added macros in the Word templates for the below mentioned features. And since macros are not 
supported in doc and docx format we created the templates of all Procedia titles in .docm format. 
 
¾ Removal of all highlights 
¾ Accept track change 
¾ Locking of Rules 
 
If .docm format needs to convert in docx format then the following steps must be performed: 
 
Steps: 
¾ Press Alt  F11 
¾ Click on Project (JID_Template) 
¾ Enter "thomson" in Project Password 
¾ Click on Microsoft Word Objects 
¾ Click on ThisDocument under Microsoft Word Objects 
¾ Delete all macros under General 
¾ After deletion close the Code and Project (JID_Template) windows 
¾ From File menu click on save as type .docx option  
3. Comments added in the margin in Word master templates: 
There are instances where author raising queries on what to do with key information lines such as “volume, page 
numbers”, “Conference title per issue” and “Copyright entity, year, copyright company Elsevier Ltd./B.V./Inc. and 
Organizer Name” in the copyright statement and for these concerns the comments have been inserted in the Word 
template to guide Author/JM about the information to be inserted by them in these fields.  
Comments removal from Print: In Word 2007 and 2010 the comments present in a document get printed by 
default. If the authors do not want to get the comments appearing in print, the authors must remove the comments 
from the Word template before printing by changing the Print markup setting of word using the following steps: 
Steps: 
¾ Click the File tab 
¾ Click Print 
¾ Under Settings, click the arrow next to Print All Pages 
¾ Click Print Markup to clear the check mark  
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Instructions to Authors pages to be excluded from Print:  
¾ Click the File tab 
¾ Click Print 
¾ Under Setting, Type page numbers and/or page ranges separated by commas counting from the start of the 
document or the section. For example, type 1, 3, 1-5   
4. PDF creation from Word master template:  
While creating PDF from Word template the below given step should be followed to avoid difference in trim size 
and margin of the Word template and the PDF created. 
 
Steps in Word 2007 and 2010: 
¾ Click the File tab 
¾ Click Save As 
¾ Under Save as type, click the arrow next to PDF (*.pdf) 
¾ Click Save 
 
In Word 2003 the PDF can be created by using “Convert to Adobe PDF” symbol in tool bar or the required paper 
size can be adjusted in the Adobe PDF settings given in the Properties tab on the Print option.  
5. Reference styles used in Procedia master templates: 
Title   Reference style  
AASPRO   2 Harvard  
AASRI Procedia   3 Vancouver Numbered  
APCBEE Procedia  3 Vancouver Numbered  
EGYPRO   3 Vancouver Numbered  
FINE      2 Harvard  
IERI Procedia   3 Vancouver Numbered  
MSPRO    2 Harvard  
PHPRO    2 Harvard  
PIUTAM   3a Embellished Vancouver  
Procedia CIRP   3 Vancouver Numbered 
PROCHE   3a Embellished Vancouver  
PROCS    3a Embellished Vancouver  
PROENG   1 Numbered  
PROENV   3a Embellished Vancouver  
PROEPS   3a Embellished Vancouver  
PROFOO     3a Embellished Vancouver  
PROTCY   3 Vancouver Numbered  
PROVAC   3a Embellished Vancouver  
SBSPRO   5 APA  
SEPRO    3a Embellished Vancouver  
AQPRO   2 Harvard 
UMKPRO  5 APA 
 
 
